A plasma-membrane fraction rich in ion-stimulated ATPase activity was isolated from cauliflower (Brassica olerwea L.) buds. The activity of the ATPase was dependent on Mg2" and stimulated 4-fold by KV. The lipids of the membrane fraction contained 57% by weight of phospholipid, 16% glycolipid including sterol glycosides, and 27% neutral lipids. Sterols and sterol esters comprised 9% by weight of the total lipid fraction, and the M ratio of total sterol to phospholipid was 0.5. Fatty acid unsaturation of the membrane lipids was 75%. Arrhenius plots of the Mg2+ and Mg2e + K+ stimulated ATPase activity were biphasic with an increase in activation energy occurring below about 12°C, a response typical of some membraneassociated enzymes of chilling-sensitive plants. No thermal transitions were detected in the membranes or membrane lipids between 0 and 30°C using differential scanning calorimetry and electron spin resonance spectroscopy. This type of thermal behavior is typical of membranes of chillingresistant plants. It was concluded that the low temperature increase in activation energy of the ion-stimulated, membrane-associated ATPase is an intrinsic property of the enzyme system and not the result of a transition in the bulk membrane lipid.
digalactosyl diacylglycerols; LPC, lyso-phosphatidyl cholines; LPE, lysophosphatidyl ethanolamines; MGDG, monogalactosyl diacylglycerols; PA, phosphatidic acids; PC, phosphatidylcholines; PE, phosphatidylethanolamines: PG, phosphatidylglycerols; PI, phosphatidylinositols; PS, phosphatidylserines; SG, sterol glycosides; SL, sulphoquinovosyl diacylglycerols. 23 ) and together they provide a molecular explanation of chilling injury (12) .
Some soluble enzymes also exhibit nonlinear Arrhenius plots at low temperatures. This can be explained on the basis of a direct, temperature-induced, reversible alteration in the tertiary structure of the enzyme or the enzyme-substrate complex (4) . Examples from plants include some key enzymes of carbon metabolism, such as P-enolpyruvate carboxylase (7) , but the role of these enzymes in the development of chilling injury has yet to be elucidated. Furthermore, some membrane-associated enzymes from chilling-resistant plants also exhibit nonlinear Arrhenius plots, e.g. the photoreduction of DCIP by chloroplasts from barley (17) and pea (18) , assayed in the presence ofuncouplers. However, no phase separation (21) or change in lipid ordering (24) occurs in the membranes of these plants at temperatures coincident with the altered activation energies and such changes are more likely a direct effect of temperature on the uncoupler-enzyme-substrate complex. Inasmuch as growth of barley and pea continue well into the chilling temperature range, the altered enzyme kinetics observed in vitro at chilling temperatures have little influence on growth and development of these plants. These observations stress the importance of establishing whether tissue metabolism reflects the altered kinetics of the isolated enzyme systems before such changes are causally linked to chilling injury.
The question of the relative contribution of changes in enzyme kinetics and/or changes in membrane lipid order to chilling injury is complicated with such enzymes as the K+-stimulated ATPase. This enzyme is associated with the plasma membrane and reported to be involved in transmembrane K+ and H+ transport (8) . An early indication of chilling injury is an increase in ion leakage from cells (12) .
A purified plasma membrane fraction, based on enhanced sensitivity of the associated ATPase to stimulation by K+, has recently been obtained from cauliflower (15) , a chilling-resistant plant, and this has provided an opportunity to study the thermal behavior of both the lipid structure of the plasma membrane and the associated ion-stimulated ATPase activity. This paper describes the lipid composition of the cauliflower plasma membrane fraction, the effects of low temperature on the kinetics of K+-stimulated ATPase activity, and the thermal response of the membranes and membrane lipids. The results show that, while low temperature induces an increase in the Ea of the enzyme, no change in the ordering of the bulk membrane lipids was detected by calorimetry or spin labeling.
MATERIALS AND METHODS
Plasma Membrane Preparation. A membrane fraction enriched in K+-stimulated ATPase activity was prepared from cauliflower (Brassica oleracea L.) buds by differential and discontinuous density gradient centrifugation as described previously (15 (10) .
Glycolipids. Fractions containing glycolipids were separated by TLC. Spots containing glycolipid were hydrolyzed in 2 N H2SO4.
For ASG and SG, the acid hydrolysate was extracted twice with petroleum ether (BP 60-80'C) to remove free sterols. The sugar content was measured by the method of Roughan and Batt (25) .
Sterols. Free sterols and sterol esters were separated from the neutral lipid fraction by silica gel column chromatography as described by Carrol (2). Sterol esters were analyzed gravimetrically. Free sterols were derivatized by refluxing with acetic anhydride for 30 min and estimated using a GCQ column (Supelco) 100-103 mesh at 230°C. Cholestane was used as an internal quantitative standard. The absence of brassicasterol in the mem- (Table I ). The major phospholipids were PC and PE (Table I) . Little CL was present, and since phospholipids of cauliflower mitochondria contain about 11% CL (16) , the 1% found in the plasma membrane preparations indicates there was only slight contamination by fragments of mitochondria membranes, which is consistent with the low level of succinate oxidase activity in the preparation ( 15) . Similarly, the low (6%) galactolipid levels in the preparation (Table I) indicate little contamination by plastids, where galactolipid represents about 63% of the total lipids (excluding pigments) (5). In addition to free sterols (4% of total lipid weight) and sterol esters (5%), other sterol components of the plasma membrane preparation are acyl sterol glycosides and sterol glycosides (Table  I) , the latter in relatively the same proportion as found in plasma membranes isolated from sugar cane leaves (28) . The M ratio of free sterol (predominantly f8-sitosterol; Table I ) to phospholipid in the cauliflower plasma membrane preparation is 0.5. This ratio is similar to that in plasma membranes isolated from soybean root (29) but is lower than the 1:2 found for oat root plasma membranes (8) . Considering the wide variation in the sterol to phospholipid ratio in the various membrane preparations, use of this ratio as a marker for purification of plasma membranes is inappropriate and could be misleading. In addition, increases in the free sterol to phospholipid ratio from 0.1 to 0.4 in plasma membranes of Phaseolus vulgaris colyledons during senescence have been causally linked to the accompanying changes in the transition temperature of the membrane lipids (11) and this is discussed below in relation to the thermal behavior of the cauliflower plasma membranes. (27) . We have used both approaches. Treated as two linear-related functions (Fig. IA) (27) as shown in the caption to Figure IB . This treatment also shows that Ea (proportional to slope of line) increases at low temperatures and the best fit is obtained using a value of 34 kcal/mol for the enthalpy of transition (AH2) of the enzyme between the high and low activity states and a value of 283°K (10°C) for T., the temperature at which the ATPase is assumed to be equally disttibuted between the two states (27) . In the results reported by Silvius and McElhaney (27), T. was usually about 3 to 4 C degrees below the temperature of the transition of the membrane lipids determined by calorimetry.
Irrespective of how the data is presented or treated, it is apparent that the Ea increases at low temperature and the greatest increase occurred at about 12°C. This temperature response is in marked contrast to the constant Ea shown by the oxidative enzymes associated with the mitochondrial membranes of cauliflower buds (13) , and of a number of other membrane-associated enzymes of chilling-resistant plants (23) .
To resolve whether the change in Ea of the cauliflower ATPase is induced by a change in ordering of the associated membrane lipids, or is an intrinsic property of this enzyme, an examination was made of the thermal response of the membrane and membrane lipids by spin labeling and calorimetry. The temperature coefficient for motion of spin labels with the plasma membrane preparation and with total and polar membrane lipids is constant over the temperature range of 0 to 40°C indicating that there is no abrupt change in the molecular ordering of the membrane lipids coincident with the change in Ea of the ATPase (Fig. 2) . In addition, also shown in Figure 3, The thermal response of simple, artifical lipid systems is modulated in part by the degree of unsaturation of the fatty acids of the component lipids (20) . On this basis, the high proportion of unsaturated fatty acid in the cauliflower plasma membrane (Table  II) would be consistent with the absence of a thermal transition above 0°C. However, in complex mixtures of lipids the situation is not straightforward, and in plant membrane lipids the degree of fatty acid unsaturation is not always directly related to the thermal behavior of the lipids (19) .
Based on these results, the increase in Ea for the K+-stimulated ATPase cannot be attributed to a change in structure of the bulk lipid phase and is thus more likely an intrinsic property of the enzyme. Alternatively, it is possible that the change in function at low temperature might be a consequence of the thermal property of some particular boundary lipids specifically associated with the ATPase. Since no transitions were observed in denatured membranes or in the total membrane lipids (Fig. 3) , it is unlikely that a transition in boundary-type lipids caused the change in Ea of the ATPase unless a transition in the boundary lipids was obscured by their interaction with the bulk lipids. In addition, the increase in Ea shown by the isolated enzyme system might reflect an artefact induced by inappropriate selection of assay conditions, particularly substrate concentration as suggested by Silvius et al. (26) . This is also unlikely because it was experimentally determined that the enzyme was saturated with respect to ATP and not subject to substrate inhibition in both the high and low temperature regions.
The data presented are relevant to the interpretation of results of the effect of temperature on the rate of ion uptake by roots of plants ofvarying sensitivity to low temperatures. For both chillingsensitive (maize) and chilling-resistant (barley) plants, the Ea for ion accumulation (measured as Rb+ uptake), increases below 10°C (1). The net accumulation of Rb+ by roots is the result of an active uptake, closely linked to ATP hydrolysis (22) , less the efflux. The marked decrease in ion accumulation by maize roots at chilling temperatures might thus be attributed to a decrease in the rate of active uptake and an increase in efflux induced by a phase change which occurs in the membrane lipids of this plant at 12°C (23) . This same explanation, however, cannot be extended to include barley. Barley is a chilling-resistant plant and no thermal transitions have been detected in the chloroplast membranes (24) or leaf phospholipids (21) of this plant at temperatures near 10°C. It is therefore more likely that the plasma membranes of barley respond to changes in temperature in a manner similar to those of cauliflower (Figs. 2 and 3 ) with no transition above 0°C. Since the plasma membrane ATPase shows a marked increase in Ea below about 11°C in both chilling-resistant (Fig. 1) as well as chilling-sensitive plants (14) , the decrease in ion accumulation by both types of plants (1) 
